During neurulation in rat embrvos, the forebrain grows more rapidly than can be accounted for bv intrinsic cell division alone, while the adjacent midbrain/rostral hindbrain maintains a constant cell number despite a high mitotic index (the cell cycle time is 6 h throughout the neural epithelium). We have proposed that neuroepithelial cells flow in a rostral direction within the midbrain/rostral hindbrain region, towards and into the rapidly expanding forebrain. Evidence in support of this hypothesis is provided by cell-labelling studies: labelled neuroepithelial cells were injected into specific sites in the midbrain or rostral hindbrain neuroepithelium of unlabelled em bryos; after culture of these embrvos for 24 h, the labelled cells were found in positions rostral to the injection sites.
INTRODUCTION
Epithelial morphogenesis is an important feature of development in all multicellu lar organisms. For some years now we have been studying the morphogenesis of the cranial neural epithelium of rodent embryos, particularly during the period of neural tube formation and neural crest cell emigration. Scanning electron micrographs of the neural epithelium during neurulation are shown in Fig. 1 . Like the embryo as a whole, the neural epithelium differentiates in a cranio-caudal sequence; this directional developmental sequence is also observed in formation of the neural tube in the spinal region, though not in the head. The cranial neural epithelium differs from the spinal part in its pattern of growth and morphogenesis, presaging the differences in size and complexity between the brain and spinal cord of the adult 434 G. Moniss-Kax and F. Tuckett animal. To begin with, the cranial neural plate is broader than that of the spinal region. Then, during neurulation, the spinal region forms V-shaped neural folds (seen in section in Fig. 1 , 5-somite stage), whereas the cranial neural plate first develops neural folds that are convex in profile (Fig. 1 , somite stages 2-5). As neural tube closure progresses down the spinal region, the convex cranial neural folds are converted to a V-shaped profile, becoming concave as the lateral edges approach each other in the dorsal midline to form the brain part of the neural tube (Fig. 1 , somite stages 8, 10). 435 The sequence of changes in shape involves a variety of cell behaviour patterns. In this article we concentrate on one type of behaviour: cell flow within the epithelium. However, since this phenomenon occurs concomitantly with several other patterns of epithelial behaviour, we present first a simple classification of epithelial cell movement.
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PATTERNS OF EPITHELIAL CELL MOVEMENT
Expansion or shrinkage of the epithelial swface associated with change of cell shape
Increase in cell height is often the first sign of specialization of a specific part of a larger epithelium. It results from an inductive tissue interaction, and is often followed by microfilament-mediated curvature of the thickened area. Examples from vertebrate embryos include formation of the otic and lens placodes, and differen tiation of the amphibian neural plate (e.g. see Spemann, 1938; Burnside, 1971; Meier, 1978; Spooner, 1974) .
Decrease in cell height, bringing about expansion and thinning of the epithelium, occurs during formation of the filtration membrane of the vertebrate kidney (Aoki, 1966) , and during chick blastoderm expansion, where it is microtubule-mediated (Downie, 1975) . It is also seen in the presumptive surface ectoderm of mammalian embryos during neurulation; this epithelium is pseudostratified or columnar at the start of neurulation, thinning progressively to a squamous form as it expands to accommodate the increasing height of the attached neural folds (illustrated by Morriss-Kay, 1981, figs 2a, 5) .
Changes in cell shape also occur at the free edge of spreading cell sheets, e.g. during epiboly in Fundulus embryos where narrowing of the margin of the enveloping layer is accomplished through a combination of cell narrowing and cell rearrangement (Keller & Trinkaus, 1987; see below, and Keller & Hardin, 1987) .
Microfilament-mediated curvature
Active changes in epithelial shape, such as bending, invagination and cleft formation, have been correlated with the appearance of microfilament bundles close to the contracting side of the epithelium. Examples include neurulation, vesicle formation (e.g. otocyst, lens vesicle), diverticulum formation (e.g. thyroid rudi ment), and branching morphogenesis (e.g. pancreas, lung, salivary gland and mammary gland). In many of these examples, the epithelium thickens before deformation, suggesting that synthesis of microtubules and an increase in cell adhesiveness precede microfilament contraction (Spooner, 1974; Ettensohn, 1985a) .
Ettensohn (1985a) has surveyed many examples of epithelial curvature, and states that only in cleft formation during glandular morphogenesis is mitosis an active component of the morphogenetic mechanism. More recently, however, Nakanishi et al. (1987) have demonstrated that neither cell division nor DNA synthesis is required for cleft formation in the developing salivary gland. It is therefore probably 436 G. Morriss-Kay and F. Tuckett safe to assume that mitosis does not play a role in microfilament-mediated epithelial morphogenesis even when the cell division rate is high.
Cell rearrangement involving exchange of neighbours
Following induction of the neural plate in amphibian embryos, the whole plate elongates. Boerema (1929) reported that elongation was greatest in the midline. More recently, the application of vital dyes to the neural plate surface, time-lapse cinematography and computer analysis have revealed that the differential elongation of the supranotochordal and more lateral parts of the plate involve cells exchanging neighbours rather than cell distortion or cell division (Jacobson, 1962; Jacobson & Gordon, 1976) . The epithelium appears to behave as a liquid within which cells flow past one another.
Cell rearrangement in the teleost blastoderm during epiboly enables the initially disc-shaped sheet to cover the spherical egg, a process involving first increase and then, after a half-way stage, decrease in the circumference of the advancing margin (Keller & Trinkaus, 1987) . A similar phenomenon has been described where blindended tubular structures elongate. Evagination of the imaginal discs of Drosophila larvae to form the adult appendage takes place over a period of 6 h after treatment with B-ecdysone, and can be accelerated to an amazing 10 min by mild trypsinization (Fristrom, 1976) . This remarkable event involves considerable reorganization of cell position, but no change in cell shape and no mitosis. Similar cell rearrangements have been observed during pronephric duct elongation in amphibian embryos (Poole & Steinberg, 1981) and elongation of the sea-urchin gut rudiment during gastrulation (Ettensohn, 19856) . Change in shape of the epithelium is accomplished through cells changing their neighbours while maintaining specialized junctional contacts (Etten sohn, 19856; Keller & Trinkaus, 1987) .
Spreading of epithelial sheets with a free edge
This category of epithelial cell behaviour includes the mutual approach of the free edges during wound healing, a phenomenon that has been observed both in vivo and in vitro, for instance in chick corneal epithelium (Takeuchi, 1976 (Takeuchi, , 1979 and amphibian epidermis (Radice, 1980a,b) . Developmental examples include spreading of the blastoderm of chick (Downie, 1975) and teleost (see above) embryos, and the migration of chick corneal epithelial cells (Dipasquale, 1975a,b) .
A common feature of these examples is that behaviour of the cells along the free edge of the migrating epithelium differs from that of cells enclosed within the sheet: they have leading lamellae showing ruffling activity similar to that of fibroblasts, they form focal contacts like those of fibroblasts, and are in general more strongly adherent to the substratum than the cells behind their line of advance (Heath, 1982) . Spreading also involves changes in marginal cell number, necessitating cell re arrangement to maintain shape or accommodate specific changes in shape. This has been observed during wound healing (Honda et al. 1982) as well as during blastoderm spreading.
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Movement of epithelial cells associated with epithelio-mesenchymal interconversion
Cell movement of this type occurs during gastrulation in amniote embryos, as epiblast (primitive ectoderm) cells move towards and into the primitive streak. There they detach basally from the epithelium and migrate away as mesenchymal cells. The continuing flow of more lateral cells towards and into the midline streak is limited in extent by the continuous caudal regression of the streak as the embryo elongates. Cell-labelling studies in chick embryos have demonstrated, as one would expect, that there is a general epithelial movement towards the midline at the level of the primitive streak (Pasteels, 1937) . Other examples of epithelio-mesenchymal interconversion include neural crest cell emigration from the neural epithelium and from placodes, and sclerotome formation from somites. All of these must be associated with some degree of epithelial cell movement. This category of cell movement is relevant to the study of mammalian cranial neurulation, since neural crest cells migrate from the open neural folds (see below).
Epithelial flow within an intact sheet
Perhaps the clearest example of epithelial cell flow in a normal tissue lacking a free edge is the movement of cells in the small intestine from crypt to villus tip. Cairnie et al. (1965) measured cell proliferation and cell movement in the upper jejunum of young adult male rats: the cell cycle time was 14h in the bottom of the crypts and 10h at the top of the proliferation zone; cells left the mitotic cycle somewhere between 10 and 18 cell positions from the bottom of the crypt and continued their movement to the top of the villus (25-51 cells total height) at a rate of 1-27 ± 0-21 cell diameters per hour. Their final fate was to be ejected as pyknotic cells from the villus tip into the intestinal lumen. The system was considered to be a 'steady state', i.e. for each cell produced, one is lost.
This example has many similarities to the previous category, since the epithelial flow ends with cell loss at the villus tip just as cells are lost from an epithelium by conversion to mesenchyme. Similarly, cell movement in the early amphibian gastrula, discussed by Trinkaus (1984) in this context, shows a discontinuity as the cells convert to bottle cells while passing through the blastopore lip.
An example of an epithelium showing mitosis-related expansion without concomi tant cell loss is provided by formation of the amnion and chorion in most amniotes (not including higher primates: Hamilton & Mossman, 1972) . This is a double epithelium composed of a layer of ectoderm and a layer of mesoderm attached by their basal surfaces. Like all morphogenetic phenomena, expansion is a controlled event and therefore presumably involves cell movement, though this has not been studied. The trophectoderm of the mouse blastocyst does not fulfil all the criteria of an epithelium, but may be mentioned in this context. Cell proliferation is greatest in the polar trophectoderm, the area in contact with the inner cell mass; cells move radially outward from this region, gradually losing their ability to divide (Copp, 1978) . In this article we will present evidence for cell flow within the cranial neural epithelium of rat embryos during neurulation.
THE RELATIONSHIP BETWEEN EPITHELIAL CELL MOVEMENT AND MITOSIS
Mitosis is not an essential feature of epithelial curvature and does not occur during the active cell rearrangement that brings about Drosophila imaginal disc evagination (see above). There is no evidence that it plays any role in change of epithelial thickness. The relationship between mitosis and the types of epithelial cell movements described in categories 4-6 above is less clear. Spreading of epithelial sheets involves an element of mitosis; however, the most active movement occurs at the free edge, and there is no reason to assign any movement-associated role to mitosis here.
When epithelial cells are lost into the primitive streak or shed from the tip of an intestinal villus, mitosis is clearly required to maintain (or increase) the cell population of the epithelium. This is not to imply that mitosis plays any active role in 'driving' the epithelial cell movement, but there must be some interdependence between the two phenomena. This relationship was discussed by Abercrombie (1980) , who suggested that in addition to the active cell crawling movements observed during healing: "the crawling machinery comes into play . . . when rapid growth within an undamaged tissue occurs (Abercrombie, 1957) , such as happens in the hyperplasias, familiar in the vertebrates, for instance in kidney, thyroid and liver, when some stimulus, usually blood-borne, sets going a sudden generation of new functional tissue. Rapid growth of differentiated tissue happens, generally, of course, in all tissues, in the postembryonic phase of development. In all these instances, the active mitosis responsible for the growth seems to be accompanied by an increased ability to undertake crawling locomotion".
The relationship between mitosis and cell flow in the cranial neural epithelium of rat embryos will be discussed in the concluding section.
COMBINATIONS OF EPITHELIAL BEHAVIOUR PATTERNS ARE CHARACTERISTIC OF DEVELOPING SYSTEMS
Epithelial movements during development and regeneration frequently combine two or more types of cell behaviour. We have already seen an illustration of this in the Fundulus blastoderm, which during epiboly combines spreading with a free edge, change of cell shape and exchange of neighbours. Similarly, the amphibian neural plate deploys three of the above categories: differentiation involves increase in cell height and concomitant decrease in surface area, elongation involves exchange of cell neighbours, and neurulation is the consequence of a combination of elongation and microfilament-mediated curvature (Jacobson, 1962; Baker & Schroeder, 1967; Burnside, 1971 Burnside, , 1973 Jacobson & Gordon, 1976) .
Mammalian embryos show a different pattern of neurulation from that of amphibians, so it is not surprising that the pattern of epithelial cell behaviour also Cell movement during forebrain formation 439 differs. The cranial neural epithelium shows four, possibly five, of the categories of movement described above. Thus although the experimental work to be described here provides evidence for cell flow within the intact epithelium, it is not appropriate to describe this phenomenon in isolation from the other aspects of cell behaviour that occur during cranial neurulation.
CRANIAL NEURULATION IN RAT EMBRYOS
As illustrated in Fig. 1 , cranial neurulation differs from spinal neurulation in lacking an antero-posterior sequence of development, in showing a greater com plexity of morphogenetic change, and in being a slower process. The neural epithelium is a single cell layer throughout neurulation, but its thickness and cellular organization are not constant. Fig. 2 shows a series of scanning electron micrographs (SEM) of the cut surface of embryos transsected midway between the preotic sulcus and the forebrain/midbrain junction (these landmarks are illustrated in Figs 1, 3) . Up to the 5-somite stage, while the neural folds are convex, the neural epithelium expands and thins (i.e. the cellular organization changes from pseudostratified to columnar to cuboidal) without any change in cell number in the transverse plane. It then gradually thickens by regaining a pseudo-stratified organization, with a consequential decrease in apical surface area, until neurulation is completed at the 14-somite stage. Cell number in the transverse plane, and surface area of the transverse sections of neural epithelium, remain constant throughout neurulation (Morriss-Kay, 1981) .
Where the apical neuroepithelial surface is concave in profile, transmission electron microscopy (TEM) shows subapical, junction-associated microfilament bundles (Morriss & New, 1979) . The complexes of microfilament bundles and junctions can also be seen in light micrographs as a more or less continuous line parallel with and close to the apical surface. Evidence that microfilament bundle contraction is instrumental in generating the concave curvature has been provided by culturing embryos at different stages of neurulation for one hour in medium containing cytochalasin D, followed by a period of recovery in normal culture medium (Morriss-Kay & Tuckett, 1985) .
Neural crest cell emigration from this region begins at the 4-somite stage and continues throughout neurulation (Nichols, 1981 ; Tan & Morriss-Kay, 1985) . There is no crest cell production from the forebrain region (Tan & Morriss-Kay, 1986) . A small amount of physiological cell death occurs within the cranial neural epithelium during neurulation (Morriss & New, 1979) . Hence there is a small amount of cell loss from the neural epithelium in the transverse plane while the cell number remains constant. This is more than compensated for by a rapid mitotic rate: the cell cycle time is 6h (Tuckett & Morriss-Kay, 1985) .
The pattern of growth in the longitudinal plane is illustrated in Fig. 3 . There is no clear indication of the midbrain/hindbrain junction until the neuromeres are well established late in neurulation, so we have used the preotic sulcus as a posterior landmark. Anteriorly, the clearest landmark is the tip of the notochord. The forebrain/midbrain junction lies a short distance behind this, and can be clearly identified as a decreasing angle in the neural epithelium in the sagittal plane from the 4 /5-somite stage onwards. Throughout cranial neurulation, the length of the neural epithelium from the tip of the notochord to the preotic sulcus, and the number of cells within it, remain constant (see Fig. 4 ). Taken together with the cell-number data from the transverse plane, it appears that the neural folds lying over and alongside this stretch of notochord maintain a constant cell number despite some cell loss and a rapid mitotic rate. The increases in size and cell number are in the forebrain, which initially does not project beyond the tip of the notochord, but forms a very large structure by the end of neurulation. The cell cycle time is the same (6 h) throughout the cranial neural epithelium. Measurements on human embryos indicate that here, too, midbrain size remains constant during neurulation, whereas the forebrain grows at first rapidly and then more slowly (Müller & O'Rahilly, 1986) .
This pattern of growth (in rat embryos) is illustrated in Fig. 4 , in which the epithelium is represented as a two-dimensional structure with its dimensions based on cell number in the planes indicated. The diagram thus illustrates regional cell numbers at three stages of development without any indication of change in shape related to histological organization or microfilament contraction. While the cell number remains constant in the midbrain/upper hindbrain region, the increase in the forebrain is too great to be accounted for by intrinsic cell division alone. In order to explain these data, we have suggested that neuroepithelial cells are flowing from the region of constant cell number into the rapidly expanding forebrain (Tuckett & Morriss-Kay, 1985) . Our studies imply that the neural epithelium is a fluid structure within which cells are moving forward in/a strictly controlled manner at the same time as the morphogenetic movements of neurulation take place in both transverse and longitudinal planes. A small degree of lateral movement must also take place close to the lateral edges during neural crest cell emigration, since crest cell loss does not result in a decrease in cell number in the transverse plane. This pattern of maintenance and change of cell number could be brought about by cell rearrange ment, as in the examples discussed earlier, and/or by appropriate orientation of mitotic spindles.
We have examined mitotic spindle orientation in sectioned embryos and have summarized our observations in Table 1 . In the open neural epithelium, the great majority of cell divisions were in the longitudinal plane. Of the small number of transversely oriented spindles, most were close to the lateral edge; these mitoses are most likely to be related to maintenance of cell number in the transverse plane as neural crest cells emigrate, together with a small contribution to compensate for cell death.
CELL-LABELLING STUDIES
In order to obtain direct evidence of epithelial flow, we injected labelled cells into specific sites in the neural epithelium of 4/5 somite-stage embryos. Fig. 5 illustrates the injection technique. Cells were labelled intracellularly with wheat-germ ag glutinin and subsequently identified in histological sections by an immunocytochemical technique as described by Tan & Morriss-Kay (1986) . The cells were injected into three sites, which could be clearly seen during the injection procedure: just rostral to the preotic sulcus, just caudal to or on the forebrain/midbrain flexure, and midway between these two landmarks. The embryos were then cultured for 24 h (to approximately the 20-somite stage), fixed in dilute Bouin's fluid, processed for immunocytochemistry, then conventionally dehydrated, embedded in paraffin, sectioned in the longitudinal plane and counterstained with light green. Four embryos showing labelled cells (i.e. cells having brown intracellular vesicles) well integrated within the neural epithelium are illustrated in Fig. 6 . In the first specimen (A,B) , the labelled cells are close to the dorsal midline, i.e. the region of neural-fold Fig. 5 . Injection technique for the cell-labelling study. The embryo is held by mild suction of the holding pipette (not shown) on the yolk sac. The injection pipette contains labelled cells. Access to the neural folds was gained by piercing the foregut endoderm and overlying mesenchyme before entering the neural epithelium and releasing the cells into one of the positions indicated by arrows (right, just caudal to the angle formed by the forebrain/midbrain junction; middle, midway between this angle and the preotic sulcus; left, just rostral to the preotic sulcus). fusion, suggesting that they were injected into a very lateral position. The longitudinal injection position was just behind the forebrain/midbrain junction, and the final position was precisely on this junction, indicating very little movement from their original position. This result might be expected of cells close to the lateral border of the epithelium, in which the proportion of cells dividing in the transverse plane is higher than elsewhere, and where cell loss due to neural crest cell emigration may be compensated for by less forward (rostrad) movement than elsewhere.
The other three specimens ( Fig. 6C-H) show labelled cells well away from the dorsal midline, having been injected closer to the midline of the embryo. In the second specimen (C,D) cells were injected in the same longitudinal position as in the first, i.e. just caudal to the forebrain/midbrain junction. The labelled cells have moved over the junction to lie fully within the forebrain. Similarly, in the third specimen (£,?'), cells were injected midway between the preotic sulcus and the forebrain/midbrain junction, and after 24 h show a broad spread across the junction from rostral midbrain to caudal forebrain. The fourth specimen (G,H) was injected just rostral to the preotic sulcus, and shows labelled cells close to the hindbrain/mid brain junction (with some attached dead cells in the ventricular lumen).
Thus these three specimens all have labelled cells within the neural epithelium in positions significantly more rostral than the original site of the injection 24 h before.
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The results are preliminary, but they do support our original hypothesis that the neural epithelium rostral to the preotic sulcus is flowing forward in a highly controlled manner. The positional relationship between the forebrain/midbrain junction and the rostral tip of the notochord is maintained during this epithelial flow.
TYPES OF EPITHELIAL CELL MOVEMENT IN THE NEURAL EPITHELIUM DURING NEURULATION
In terms of the classification of epithelial cell movement set out at the beginning of this article, studies in the rat cranial neural epithelium have provided evidence for all classes of movement for epithelia lacking a free edge: (a) change of cell shape involving both expansion and shrinkage of the epithelium is illustrated in Fig. 3 ; (b) evidence for microfilament-mediated curvature comes from electron microscopy and studies using cytochalasin D (Morriss & New, 1979; Morriss-Kay & Tuckett, 1986) ; (c) cell rearrangement involving exchange of neighbours is implicated by the cell-labelling study combined with mitotic spindle orientation observations, sugges ting a lesser tendency for rostrad movement at the lateral edge than more medially; (d) epithelio-mesenchymal interconversion, as lateral edge cells emigrate as neural crest, may involve some associated lateral movement towards and into the conversion site; (e) as suggested by our previous kinetic study (Tuckett & Morriss-Kay, 1985) and by the cell-labelling study described here, expansion of the forebrain depends on movement of cells within the intact epithelium.
Movement classified as categories (c), (d) and (e) above is correlated with mitotic spindle orientation. The relationship between these three types of cell movement, spindle orientation, and the pattern of growth is illustrated in Fig. 7 . One of the most remarkable aspects of this complex pattern of epithelial behaviour is the constancy of cell number in the area lying between the preotic sulcus and the forebrain/midbrain junction. This situation is a highly dynamic steady state, reminiscent of the intestinal villus cell turnover described earlier, but of much shorter duration.
What is the nature of the relationship between mitotic spindle orientation and cell movement? So far we have only shown an interesting correlation between the distribution of transversely and longitudinally orientated spindles and the pattern of cell distribution. One possible explanation is that the orientation of cell movement is the direct result of the orientation of cell division. But it is equally plausible that the observed mitotic spindle orientations simply reflect forces generated within the cells as they move in a lateral direction close to the lateral edge and in a rostral direction elsewhere. The neuroepithelial cells clearly have an inherent ability to move during cranial neurulation; the epithelium behaves as a fluid, not just as a deforming sheet. We now need to discover how this fluid behaviour is controlled in relation to regional cell number, cell movement, and the orientation of mitosis.
